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Abstract

Clinically, non-invasive carcinomas are confined to the epithelial side of the basement membrane 

and are classified as benign, whereas invasive cancers invade through the basement membrane and 

thereby acquire the potential to metastasize. Recent findings suggest that, in addition to protease-

mediated degradation and chemotaxis-stimulated migration, basement membrane invasion by 

malignant cells is significantly influenced by the stiffness of the associated interstitial extracellular 

matrix and the contractility of the tumor cells that is dictated in part by their oncogenic genotype. 

In this review, we highlight recent findings that illustrate unifying molecular mechanisms whereby 

these physical cues contribute to tissue fibrosis and malignancy in three epithelial organs: breast, 

pancreas, and liver. We also discuss the clinical implications of these findings and the biological 

properties and clinical challenges linked to the unique biology of each of these organs.
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1. Introduction

One hallmark of epithelial cancers is the infiltration of malignant cells through the basement 

membrane, which heralds the difference between non-lethal neoplastic lesions and invasive 

cancers with associated high mortality. The basement membrane is an important 

histologically identifiable barrier between non-invasive (i.e., carcinoma in situ) and invasive 
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forms of cancer. Identifying factors that induce and enable transformed cells to cross this 

barrier is an active area of investigation. Emerging evidence indicate that basement 

membrane invasion by malignant cells is substantially influenced by crosstalk between three 

inter-related factors: stromal stiffening, epithelial cytoskeletal contractility, and growth 

factor/cytokine signaling (Figure 1). Activation of stromal cells and immune cell infiltration 

lead to interstitial stromal stiffening in the tumor microenvironment, which stimulates the 

cytoskeletal contractility of transformed epithelial cells. Conversely, increased epithelial 

contractility induces greater stromal stiffening as well as formation of invadosomes and 

production of matrix metalloproteinases (MMPs) required for basement membrane invasion. 

Importantly, both stromal stiffening and epithelial contractility serve to amplify growth 

factor and cytokine signaling pathways that are implicated in promoting basement 

membrane invasion. In this review, we discuss recent data that illustrate these fundamental 

principles in three different epithelial organs: breast, pancreas, and liver. We highlight the 

clinical significance of understanding the molecular mechanisms that promote basement 

membrane invasion in the development of adenocarcinoma in these organs and recent 

scientific advances that shed light on this important checkpoint in cancer progression. Two 

unifying themes emerge from synthesis of the literature. First, matrix rigidity is an important 

risk factor and mediator of tumor progression, and second, oncogenic mutations and 

signaling pathways act in concert with the stromal microenvironment to promote tumor cell 

invasion through the basement membrane.

2. Clinical significance of basement membrane invasion

Breast, pancreas, and liver cancer are three important malignancies of epithelial origin that 

occur with considerable incidence and affect distinct demographic populations. The three 

organs have distinct anatomy and microenvironments and the molecular compositions of 

their basement membranes are different (Figure 2). Clinically, each of these carcinomas pose 

a unique set of challenges to diagnosis and treatment. However, for all three tumors, 

breaching of the basement membrane remains the key step that differentiates a lesion that is 

easily treatable from one that is highly lethal. For each type of cancer, the need to 

understand the factors that regulate basement membrane invasion is critical for different 

reasons.

Ductal carcinoma in situ (DCIS) is the earliest detectable form of breast cancer and the most 

common (80-90%) in situ carcinoma of the breast [1]. Histologically, it is characterized by 

proliferation of neoplastic cells within the lumen of mammary ducts. The surrounding layer 

of myoepithelial cells and the basement membrane essentially remain intact in these lesions 

[2]. This is in contrast to invasive breast cancer (IBC) in which malignant cells invade and 

break through the basement membrane. Since the advent of screening mammography, the 

incidence of DCIS diagnosis has increased dramatically and DCIS now accounts for 20% of 

all breast cancers [3]. DCIS is thought to be a non-obligate precursor to IBC because the 

vast majority of IBCs are accompanied by adjacent DCIS [4,5]. However, only 20-50% of 

patients with DCIS later develop IBC in the same quadrant of the same breast [6,7], 

indicating that a significant proportion of DCIS never progresses to IBC. Although DCIS is 

non-lethal, IBC is frequently a systemic disease in which patients succumb to metastatic 

spread of the cancer. Therefore, current recommendations for DCIS treatment include 
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surgery, radiation, and hormone therapy upon diagnosis, which are essentially the same as 

for IBC, except for systemic chemotherapy. Because of the high rate of DCIS detection in 

asymptomatic individuals and its poorly quantified risk of progression to IBC, there is 

concern that prevailing standards of care over-diagnose and over-treat cancers that may 

never cause illness or death [8]. DCIS and IBC are remarkably similar at the genetic level 

[9–12] and there are currently no molecular markers to accurately predict progression of 

DCIS to IBC [3]. Therefore, while active surveillance has been proposed as an alternative 

management approach to DCIS [13], it remains unclear which patients may be safely 

watched without aggressive upfront treatment. Therefore, it is within this clinical context 

that it is critically important to identify the molecular factors that mediate basement 

membrane invasion in breast cancer: to prognosticate which DCIS tumors may progress to 

IBC and to identify drug targets that prevent progression to IBC.

Analogous to DCIS and IBC, pancreatic intraepithelial neoplasia (PanIN) is a non-lethal 

precursor to invasive pancreatic ductal adenocarcinoma (PDAC). PanINs are relatively 

common lesions found in 16% of pancreatic specimens resected for benign disease 

processes. The incidence of PanINs increases to 60% in chronic pancreatitis, considered to 

be a risk factor for PDAC, and PanINs are found in 80% of pancreata with PDAC [14]. 

There are three grades of PanINs that correspond to progressively greater architectural 

distortion of the duct, loss of polarity of the columnar epithelia, and nuclear pleomorphism, 

culminating in PDAC with invasion of the basement membrane. Importantly, acquisition of 

genetic mutations appear to occur in a stepwise fashion that begins with KRAS2 in PanIN-1, 

progressing to inactivation of p16/CDKN2A in PanIN-2, and inactivation of TP53 and 

MAD4/DPC4 (SMAD4) in PanIN-3 [15]. The frequency and rate of progression from PanIN 

to PDAC is unknown, but a 1% probability of a single PanIN progressing to PDAC has been 

estimated based on the prevalence of PanIN and PDAC [15].

PDAC is one of the deadliest malignancies. Most patients present with locally advanced or 

metastatic disease and only 15-20% are candidates for potentially curative surgical resection. 

The overall 5-year survival of PDAC is only 5%. Therefore, it is highly desirable to be able 

to identify PanINs that have a high risk of progressing to PDACs and intervene prior to 

invasive disease. However, in contrast to breast cancer, there are no low-cost non-invasive 

screening modalities for PanINs that have high sensitivity and specificity. Screening is 

currently considered investigational and limited to individuals with the highest risk, 

including those with hereditary pancreatitis, familial forms of cancer susceptibility, and 

strong family history of PDAC [16]. In addition, because pancreatic resection carries non-

trivial risks of morbidity and mortality, the risk-benefit balance of managing non-lethal 

PanIN lesions is weighted toward a non-surgical approach. Thus, it is paramount to identify 

effective drug targets that prevent neoplastic cells from invading the basement membrane 

and the progression of PanIN toward PDAC.

Hepatocellular carcinoma (HCC) is an aggressive tumor with a poor prognosis and is one of 

the few cancers for which incidence is increasing worldwide [17]. HCC most commonly 

occurs in the setting of underlying chronic liver disease and continual cycles of necrosis, 

inflammation, and tissue repair are thought to lead to a characteristic progression of nodular 

lesions. The multistep process begins with a benign regenerative nodule, and progresses to a 
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low-grade dysplastic nodule, then to a high-grade dysplastic nodule, and ultimately HCC 

[18]. Interestingly, the earliest mutations detected in this progression are telomerase 

promoter mutations that result in telomerase reactivation. Telomerase promoter mutations 

are found in 6% of low-grade dysplastic nodules, 19% of high-grade dysplastic nodules, and 

61% of early HCC [19]. Subsequent oncogenic mutations that promote HCC progression are 

numerous and heterogeneous, but the molecular signatures of the tumors fall into two broad 

subtypes. One subtype is characterized by activation of cell proliferation signals, which may 

include the p53, Ras/ERK, or Akt/mTOR pathways, and is more aggressive. The other 

subtype is dominated by the activation of Wnt/β-catenin signaling [20]. Distinct from this 

tumor progression process, hepatocellular adenoma is a rare benign tumor that occurs most 

frequently in women taking oral contraception. Hepatocellular adenomas can be broadly 

classified into those that harbor hepatocyte nuclear factor 1α mutations or those that carry β-

catenin mutations. Adenomas with β-catenin activation have a higher risk of malignant 

transformation [21].

Hepatocytes are specialized epithelial cells with unique apical-basolateral polarity and in the 

healthy state, do not have a classically defined basement membrane (Figure 2). During 

chronic liver disease, the low-density extracellular matrix (ECM) of the liver is progressively 

replaced by accumulation of fibrillar collagens as fibrosis develops. This process is 

accompanied by a loss of fenestration of the sinusoidal endothelium, called capillarization of 

the sinusoids, and physical changes in the hepatocytes in which they lose their microvilli 

[22,23]. In addition, collagen, laminin, perlecan, and agrin deposition is markedly increased 

until a continuous basement membrane is eventually formed, which is an important 

pathological feature of liver fibrosis [24–27]. Due to these unique histological characteristics 

of the liver, HCC is distinguished from high-grade dysplastic nodules by the invasion of 

neoplastic cells into the stroma of portal tracts [18]. Early HCC may be treated with curative 

intent by surgical resection or by liver transplantation if there is significant underlying liver 

dysfunction. However, most patients (85%) present with advanced disease and have median 

survival times of less than one year [28].

3. Stromal stiffness as a risk factor for cancer progression

Increased stromal stiffness may serve to promote cancer progression in two distinct ways. 

First, greater matrix rigidity of the underlying parenchyma may increase the risk of invasive 

cancer development. Second, the stiffened stroma of the tumor matrix may further promote 

the invasiveness and aggressiveness of malignant cells. The association between the stiffness 

of the underlying parenchymal substrate and cancer risk is suggested by epidemiological 

observations that identify clinical risk factors for various types of cancers. For example, 

women with high mammographic breast density, which may reflect higher levels of fibrillar 

collagen deposition and stiffer breast tissue, have a 4.6-fold increased risk of breast cancer 

as compared to women with low mammographic density [29–31]. Likewise, chronic 

pancreatitis, with resultant stiffened pancreatic parenchyma due to fibrosis, is a significant 

risk factor for developing PDAC [32,33]. Importantly, chronic liver disease due to any cause, 

albeit viral (e.g. hepatitis C), toxic (e.g. alcohol), metabolic (e.g. non-alcoholic 

steatohepatitis), or inflammatory (e.g. autoimmune hepatitis), eventually progresses to liver 

fibrosis and cirrhosis. Liver cirrhosis is the most important independent risk factor for HCC 
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development [34]. Eighty to ninety percent of people with HCC have underlying cirrhosis 

and greater severity of cirrhosis correlates with greater risk of developing HCC. These 

observations suggest that the milieu of stiffer tissue rigidity may be generally permissive for 

the development of different types of primary tumors.

Experimental data provide the mechanism through which rigid tissue matrix may increase 

cancer risk. Matrix rigidity has profound effects on the behavior of non-malignant and 

malignant mammary epithelial cells. Mammary epithelial cells cultured on soft matrix gels 

(<400Pa) similar to the rigidity of normal breast tissue form growth-arrested polarized acini 

with adherens junctions and central lumens [35]. Increasing gel matrix rigidity to the 

stiffness found in breast tumors (>5kPa) disrupted acini formation and cell polarization, 

induced integrin clustering, activated focal adhesion kinase (FAK), enhanced Rho-dependent 

cytoskeletal contractility, and enhanced growth factor-dependent extracellular signal-

regulated kinase (ERK) activation. Importantly, mammary epithelial cells transformed by 

over-expression of epidermal growth factor (EGF) receptor demonstrated disorganized 

growth and increased Rho-dependent cell spreading on soft gels. Inhibition of Rho/Rho-

associated protein kinase (ROCK) signaling and ERK activation restored tissue polarity and 

reduced proliferation of these transformed epithelial cells. FAK-ROCK-ERK signaling leads 

to increased expression of a breast cancer-associated proliferative transcriptome and 

potentiation of cell growth and survival [35–38]. Inhibiting myosin contractility, ROCK, or 

ERK could reduce cell growth and survival. Reducing ERK activity decreased the 

expression of more than 95% of the tension-induced genes to that observed in mammary 

epithelial cells cultured on low-density gels. These findings suggest that ECM stiffness per 

se likely promotes ERK-dependent growth and survival signaling to modulate mammary 

tissue behavior [35–37]. Importantly, a direct link between ECM stiffness, focal adhesion 

assembly, and growth factor receptor signaling was illustrated by a series of studies in which 

focal adhesions were enhanced through expression of a mutant β1-integrin and ERK 

signaling in response to EGF stimulation in mammary epithelial cells on a soft ECM [35]. 

Moreover, increased matrix rigidity also modulates microRNAs (miRNAs) that regulate 

malignancy. miRNA-18a expression is upregulated through integrin-dependent stimulation 

of Myc and Wnt in response to a stiffer tissue ECM stroma and promotes mammary tumor 

progression by reducing the levels of the tumor suppressor phosphatase and tensin homolog 

(PTEN) in the mammary epithelium [39]. Interestingly, high miRNA-18a expression levels 

correlate with ECM rigidity and poor prognosis in patients with luminal breast cancers, 

providing a mechanistic link between increased matrix stiffness and risk of malignant 

progression [39]. These findings suggest that stromal rigidity has an important regulatory 

role both in pre-malignant and malignant epithelial cells along the spectrum of breast cancer 

development.

Recent findings suggest a mechanism through which increased tissue rigidity of fibrotic 

livers may create an environment permissive for HCC development. Liver fibrosis is 

associated with increased liver tissue stiffness, as determined by non-invasive imaging 

modalities such as ultrasound-based transient and shear-wave elastography [40] and 

magnetic resonance elastography [41]. Atomic force microscopy measurements demonstrate 

that normal liver matrix is around 150Pa and is increased to 1-6kPa in experimental models 

of liver fibrosis [42]. Increased matrix stiffness activates stellate cells and portal fibroblasts, 
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the primary cell types responsible for abnormal ECM deposition during the development of 

fibrosis [43,44]. Importantly, increased matrix rigidity also has a direct inhibitory effect on 

hepatocyte function by activating mechano-signal transduction through FAK and decreasing 

expression of hepatocyte nuclear factor 4 alpha (HNF4α), a master transcriptional regulator 

of hepatic function. Moreover, expression of HNF4α in primary hepatocytes on stiff matrix 

can be rescued by inhibition of ROCK signaling, indicating a critical role of the FAK-ROCK 

signaling network in modulating hepatocyte function in response to tissue mechanics [42]. 

In addition to regulating function, HNF4α is also a tumor suppressor. HNF4α expression is 

reduced in fibrotic livers and forced re-expression of HNF4α can attenuate the progression 

of fibrosis [42,45,46]. Reduced expression of HNF4α expression promotes hepatocyte 

proliferation [47] and activation of mesenchymal genes [48]. Moreover, HNF4α expression 

is also reduced in HCC and forced re-expression of HNF4α inhibits tumor progression [49–

54]. These findings suggest that increased matrix rigidity in fibrotic livers may create an 

environment permissive for HCC development by decreasing HNF4α expression in 

hepatocytes. Increased matrix stiffness increases the proliferation and chemotherapeutic 

resistance of HCC cell lines [55]. In addition, FAK signaling is required for the progression 

of a c-Met/β-catenin driven in vivo mouse model of HCC [56], suggesting that the stiffened 

matrix of a fibrotic liver may activate FAK signaling to promote HCC progression.

In addition to the rigidity of the parenchymal substrate, it has become increasingly evident 

that collagen deposition, remodeling, and cross-linking of the tumor stroma also play a key 

role in promoting tumor cell invasion (Figure 3). A biophysical analysis of human breast 

tumors revealed that there is an increase in total collagen that becomes progressively 

thickened and linearized as the nonmalignant normal breast transitions to DCIS, and 

thereafter to IBC. The invasive front of the tumors, in particular, was found to display a 

consistent and significant enhancement of aligned collagen fibers that atomic force 

microscopy indentation quantified as stiffer. The regions of tumor tissue that were stiffer 

also showed enhanced mechano-signaling, as demonstrated by activated β1 integrin, FAK, 

myosin light chain, and nuclear localization of Yes-associated protein (YAP) [57].

Moreover, PDAC is an example of a highly fibrotic tumor in which the stiffened tumor 

stroma may play an important role in promoting tumor aggressiveness and mediating 

therapy resistance. Survival of patients with PDAC does not correlate with total fibrillar 

collagen content within the tumor, but is significantly linked to increased thickness of 

collagen fibers adjacent to PDAC epithelium [58]. Importantly, tumor genotype significantly 

modulates surrounding tumor stromal fibrosis and tumor progression. Genotypic analysis of 

PDACs has led to the notion that there may be distinct genotypes/phenotypes in PDACs that 

could be broadly divided into two categories: classical and basal-like. Basal-like PDACs are 

associated with worse patient prognosis and are characterized by perturbed transforming 

growth factor β (TGFβ) signaling with mutant SMAD4 or significantly lower SMAD4 

expression [59–61]. In genetically engineered mouse models, Kras mutation and reduced 

TGFβ signaling in the pancreatic epithelia lead to ROCK-dependent increased cellular 

contractility, activation of signal transducer and activator of transcription 3 (STAT3), 

increased YAP activity, induced expression of connective tissue growth factor, and ECM 

remodeling, resulting in deposition of thicker and stiffer collagen fibers [58]. A similar 

phenotype of increased fibrosis and PDAC development was recapitulated in mice with the 
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Kras mutation and expression of a β1-integrin clustering mutant with elevated mechano-

signal transduction, indicating that cytoskeletal contractility of epithelia could drive 

stiffening of the periductal ECM. These findings further illustrate the dynamic interplay 

between the tumor genotype and the phenotypic expression of the surrounding tumor 

stroma.

4. Force-mediated invasion of the basement membrane

Invasion through the basement membrane requires malignant cells to acquire a motile 

phenotype, which involves the manifestation of actin-rich protrusive structures at their 

leading migratory edge, termed invadosomes. In addition, to pass through the basement 

membrane, invading cells must secrete MMPs that break down the basement membrane 

ECM proteins. Formation of invadosomes and secretion of MMPs are interconnected 

processes and both are stimulated by stiffened matrix. Membrane type 1 (MT1)-MMP, 

MMP-2, and MMP-9 are concentrated within invadosomes and serve the critical function of 

ECM lysis at the invading edge of the cell [62–64]. MT1-MMP is a master switch proteinase 

because it activates MMP-2 and MMP-13 and directly degrades a host of ECM species 

including collagen types I, II, III, and IV, laminin 1 and 5, fibronectin, vitronectin, aggrecan, 

and fibrin [65]. MMP-2 and MMP-9 are both type IV collagenases shown to be important 

for the degradation of the basement membrane in tumor invasion [66]. Invadosomes are 

essential for MMP-dependent invasion of cells across ECM barriers [67]. Moreover, live cell 

imaging demonstrated that degradation of the ECM quickly followed the recruitment of 

MT1-MMP to the invadosome [68], linking invadosome formation and ECM degradation as 

key steps to basement membrane invasion.

Rho/ROCK-mediated actomyosin contractility is a major regulator of invadosome formation 

and turnover [69], which in turn is modulated by matrix rigidity. Increased ECM stiffness 

directly increases both the number and activity of invadosomes, thereby promoting invasion 

[70]. Activated FAK and p130Cas localize to invadosomes, suggesting that they may be 

transducing the mechanical cues of a stiffened matrix into downstream signals that promote 

further ECM degradation activity. Formation of invadosomes in breast carcinoma cells is 

regulated by matrix stiffness [70–72], and stiff ECM prolongs the lifespan of invadosomes 

[73]. Activation of the Wnt pathway leads to high expression of MMP-7, a transcriptional 

target of β-catenin, which is associated with the functional loss of the PTEN gene, the most 

common first event associated with the triple-negative breast cancer subtype [74]. 

Phosphoinositide 3-kinases has been shown to be involved in invadosome formation because 

its knockdown results in reduction in the number of invadosomes [75–77]. Many growth 

factors have been shown to affect invadopodia formation and activity [75]. Among them, 

EGF induces invadopodia formation [78,79], TGF-β [80,81], heparin binding (HB)-EGF 

[82,83], vascular endothelial growth factor [84], and hepatocyte growth factor [85] increase 

invadopodia numbers. Many of these growth factor pathways converge on common signaling 

hubs, especially Src kinase, phosphoinositide 3-kinases, and Rho family GTPases, which 

ultimately control invadopodia and podosomes [86,87]. These fundamental mechanisms are 

likely adopted for many types of invasive cancers since invadosome formation has been 

shown to be important in the progression of PDAC [88–91] and HCC [92–95] as well.
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Importantly, increased matrix stiffness and epithelial contractility synergizes with growth 

factor and cytokine signaling to induce the invasive phenotype in malignant cells. Relevant 

for IBC, stiffened matrix gels enhanced growth factor-dependent ERK activation in 

mammary epithelial cells [35]. While culture of non-malignant mammary epithelial cells 

within stiff matrix increased colony size and disrupted acini formation, it was not sufficient 

to induce an invasive phenotype. On the other hand, activation of epidermal growth factor 

receptor 2 (HER2/neu) signaling alone induced cell proliferation and filling of the acinar 

lumen, but also failed to promote tumor cell invasion. It was when there was both stiffened 

matrix and HER2/neu activation that the mammary epithelial cells invaded into the gels 

along collagen fibrils [37]. The ability of tissue mechanics to potentiate growth factor or 

cytokine signaling was also demonstrated in PDAC in which loss of TGFβ signaling and 

elevated β1-integrin mechano-signal transduction enhanced STAT3 signaling to induce 

further matricellular fibrosis and tumor aggressiveness [58]. Similarly, in HCC, stiffened 

matrix enhanced hepatocyte growth factor-dependent ERK, AKT, STAT3, and cyclin D1 

activation [55]. These findings suggest that matrix rigidity and cellular contractility 

potentiate growth factor- and cytokine-regulated oncogenic pathways implicated in invasion 

across distinct cancer types. Indeed, the cooperation between tissue mechanics and soluable 

factors may be a fundamental mechanism that extends beyond tumor biology since matrix 

stiffness also modifies the response of embryonic stem cells to morphogens [96].

5. Conclusion

Recent findings that demonstrate the pathogenic role of elevated mechano-signal 

transduction in the breast, pancreas, and liver illustrate the generalizability of these 

fundamental mechanisms as well as the unique pathophysiological features and clinical 

challenges of each disease process. In all three organs, greater interstitial matrix rigidity, 

either of the underlying parenchymal substrate or the remodeled tumor stroma, is a 

significant risk factor for tumor development and progression. These examples show that 

matrix rigidity can cooperate with and cross-regulate oncogenes in different ways. In IBC, 

increased EGF receptor signaling synergizes with FAK activation and Rho-dependent 

cytoskeletal contractility to promote tumor invasion. In PDAC, SMAD4 mutations leading to 

altered TGFβ signaling can induce increased tumor stromal stiffening and promote tumor 

aggressiveness. In the liver, increased matrix rigidity in fibrotic liver disease inhibits the 

expression of the HNF4α tumor suppressor and creates an environment permissive for HCC 

development. However, all three types of cancers likely use similar fundamental mechanisms 

of force-mediated invadosome formation and MMP-dependent ECM degradation to invade 

through the basement membrane. Importantly, tissue mechanics and epithelial contractility 

amplify growth factor and cytokine signaling pathways implicated in promoting the invasive 

phenotype of all three tumors. As illustrated by the three epithelial organs we highlighted in 

this review, the similarities and differences in how epithelial cells interact with their 

interstitial environment will provide important insights into the mechanisms that enable 

adenocarcinomas to breach the basement membrane and the development of potential 

targeted therapies to limit this progression.
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ERK Extracellular signal-regulated kinase
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HNF4α Hepatocyte nuclear factor 4 alpha

HER2/neu Human epidermal growth factor receptor 2

IBC Invasive breast cancer

MMPs Matrix metalloproteinases

PDAC Pancreatic ductal adenocarcinoma

PanIN Pancreatic intraepithelial neoplasia

PTEN Phosphatase and tensin homolog

ROCK Rho/Rho-associated protein kinase

STAT3 Signal transducer and activator of transcription 3

TGFβ Transforming growth factor β

YAP Yes-associated protein
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Highlight

Invasion of malignant cells through the basement membrane is mediated through three 

inter-related factors: stromal stiffening, epithelial cytoskeletal contractility, and growth 

factor/cytokine signaling. In this review, we highlight the similar as well as different 

ways these factors promote tumor progression in three distinct epithelial cancers.
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Figure 1. 
Inter-related and cross-regulating factors that promote basement membrane invasion in 

cancer progression. MMPs, matrix metalloproteinases.
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Figure 2. 
Primary components of the basement membrane in healthy breast, pancreas, and liver tissue 

and the changes that occur in the basement membrane during development of fibrosis and 

cancer.
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Figure 3. 
Malignant mammary epithelial cells cultured in reconstituted basement membrane as 

spherical multicellular organoids and then embedded in collagen hydrogels placed under 

either 0 (unstretched - soft) or 10% strain (stretched - stiff) in a tension bioreactor. After 

three days, cultures were fixed and stained for actin cytoskeleton (phalloidin) and nuclei 

(DAPI) to assess the extent of tumor cell invasion and migration (scale bar = 20 μm).
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